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Abstract

The transforming growth factors beta (TGFp)
are local factors produced by ovarian cells which, after
binding to their receptors, regulate follicular deviation
and ovulation. However, their regulation and function
during corpus luteum (CL) regression has been poorly
investigated. The present study evaluated the mRNA
regulation of some TGFp family ligands and their receptors
in the bovine CL during induced Iuteolysis in vivo. On day
10 of the estrous cycle, cows received an injection of
prostaglandin F2a (PGF) and luteal samples were obtained
from separate groups of cows (n=4-5 cows per time-point)
at 0, 2, 12, 24 or 48 h after treatment. Since TGF beta
family comprises more than 30 ligands, we focused in some
candidates genes such as activin receptors (ACVR-14, -1B,
-24,-2B) AMH, AMHR2, BMPs (BMP-1,-2,-3,-4,-6 and -7),
BMP receptors (BMPR-1A, -1B and -2), inhibin subunits
(INH-A, -BA4, -BB) and betaglycan (TGFBR3). The mRNA
levels of BMP4, BMP6 and INHBA were higher at 2 h after
PGF administration (P<0.05) in comparison to 0 h. The relative
mRNA abundance of BMP1, BMP2, BMP3, BMP4, BMP6,
ACVRIB, INHBA and INHBB was upregulated up to 12 h
post PGF (P<0.05). On the other hand, TGFBR3 mRNA
that codes for a reservoir of ligands that bind to TGF-beta
receptors, was lower at 48 h. In conclusion, findings from
this study demonstrated that genes encoding several TGF
family members are expressed in a time-specific manner
after PGF administration.
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Introduction

The corpus luteum (CL) is a transient endocrine
gland resulting from the dynamic remodeling of the
follicular structure after ovulation. Its main function is to
produce and secrete progesterone (P4), which is ceased
in the absence of the maternal recognition of pregnancy.
In this case, luteolysis initiates, resulting in the functional
and structural regression of the CL (Skarzynski and Okuda,
2010). In cattle, PGF is responsible for mediating luteolysis
by triggering a complex process of vascular regression,
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cell death and tissue remodeling (Miyamoto et al., 2009;
Skarzynski and Okuda, 2010; Shirasuna et al., 2012).
Despite its essential role in reproduction, the cellular and
molecular mechanisms mediating CL regression are not
fully understood. It is well established that CLs are not fully
responsive to PGF until day 5-6 after ovulation, whereas
after days 15-17, in the absence of gestation, spontaneous
luteolysis occurs. Thus, performing PGF treatment on day
10 after ovulation represents an adequate model to study
CL regression, because all the CLs are fully responsive to
PGF and still functional.

Previous studies in different species have shown
that both ligands and receptors of the superfamily of
transforming growth factors beta (TGFp) are produced by
follicular cells and are important for follicular development,
cell proliferation, steroidogenesis and ovulation (Knight and
Glister, 2006). In addition, there is evidence suggesting their
participation in the maintenance and regression of the luteal
structure (Knight and Glister, 2006; Nio-Kobayashi et al.,
2013). For instance, bovine luteal cells secrete large amounts
of TGFP1 and its expression is induced by PGF treatment,
both in vivo and in vitro, via early growth response 1 (EGR1)
and MEK 1/ERK (Gangrade et al., 1993; Hou et al., 2008).
Moreover, upregulation of TGFB1 reduces P4 secretion and
antagonizes the actions of cell survival factors, thereby
increasing the susceptibility of bovine luteal cells to
apoptotic stimuli (Hou et al., 2008).

It has also been demonstrated that some bone
morphogenetic proteins (BMPs) and their receptors are
more expressed in the CL of women during spontaneous
regression, and are negatively regulated by the luteotropic
hormone hCG (human chorionic gonadotropin) (Nio-
Kobayashi et al., 2015). In contrast to the well-established
involvement in folliculogenesis, few studies (Erickson and
Shimasaki, 2003; Nio-Kobayashi et al., 2015; Rajesh et al.,
2017) have investigated the regulation and function of
BMPs during luteinization and luteolysis.

In cattle, several members of the TGF family are
expressed in the luteal cells and the in vitro treatment of
luteinized cells with BMP6 and Activin A decreased the
progesterone synthesis stimulated by forskolin (Kayani et al.,
2009). However, the regulation of ligands and receptors of
the TGFf family during luteolysis was not yet investigated.
This study aimed to test the hypothesis that the abundance
of TGFP family members mRNA is regulated in the CL of
cattle during PGF-induced luteolysis.
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Materials and methods
Estrus synchronization and CL samples collection

All experimental procedures involving animals
were approved by the Institutional Committee for Ethics
in Animal Research at Federal University of Santa Maria
(112/2014). To investigate the regulation of the TGFf family
members during luteal regression, CL samples were obtained
in different time-points after hormonally induced Iuteolysis
as previously reported (Rovani et al., 2017). Briefly, twenty-
five cyclic crossbred Bos taurus taurus cows (predominantly
Angus), non-pregnant and non-lactating with average body
condition score >3 (on a scale of 1 to 5), were submitted to
a hormonal protocol to induce follicular regression and the
onset of a new follicular wave. On DO, progesterone-releasing
intravaginal devices (IVD; 1g P4) were inserted and 2 mg of
estradiol benzoate were administered (i.m.). On D7, IVDs
were removed and a PGF analogue (500ug cloprostenol)
was administered (i.m.). The animals were observed for
signs of estrus during five days after PGF treatment and
IVD withdrawal. Following ovulation, the presence of a
CL was confirmed through transrectal ultrasonography.
Ten days after ovulation, 21 cows received (i.m.) 25 mg of
the PGF analogue dinoprost tromethamine. The cows were
randomly allocated into five groups and ovariectomized
immediately before (0 h; n=5), or at 2, 12, 24 or 48 h after
PGF treatment (n=4 per time-point). Ovariectomies were
performed unilaterally (ovary containing the CL) by colpotomy
under caudal epidural anesthesia (Drost et al., 1992).
Luteal tissue samples were snap frozen in liquid nitrogen
and stored at -80 °C for further gene expression analysis.
Tissue samples were also fixed in 4% paraformaldehyde
(PAF) for histological analysis.

Histological and immunoblot analyses

Luteal tissue samples were fixed in 4% PAF,
embedded in paraffin and sectioned (5 um) using a
microtome as previously described (Rovani et al., 2017).
The slides were stained with haematoxylin-and-eosin and
images were acquired using a Leica DM200 microscope
equipped with a Leica EC3 camera. Luteal tissue
samples were lysed using RIPA buffer (Sigma Aldrich)
with phosphatase and protease inhibitors and boiled in
Laemmli buffer (BioRad Laboratories) containing DTT
(Omnipur) at 95 °C for five minutes. Protein samples were
resolved in 10% polyacrylamide gel and transferred onto
nitrocellulose membranes (BioRad Laboratories). After
blocking for 2 h (5% non-fat dried milk in TBS-T), the
membranes were incubated overnight (4 °C) with primary
antibodies, under agitation. Then, membranes were washed
three times (10 min each) with TBS-T and incubated (2 h)
with secondary antibodies at RT with agitation. After
repeating the washing procedure, proteins were detected
with the Immun-Star WesternC Chemiluminescence Kit
(BioRad Laboratories) and visualized using a Chemidoc
System (BioRad Laboratories). Rabbit anti-EGR1 (sc-110,
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1:1000) and goat anti-rabbit-IgG-HRP (sc-2004, 1:10000)
antibodies were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA), and rabbit anti-beta Actin
(ab8227, 1:5000) was purchased from Abcam, Inc.
(Toronto, ON, Canada). EGR1 protein was quantified to
validate the luteolysis model, because it was previously
shown that this transcriptional factor is upregulated by
PGF (Hou et al., 2008).

RNA extraction, reverse transcription, real time PCR

Total RNA from luteal samples was extracted using
acid guanidinium thiocyanate-phenol-chloroform extraction
method using Trizol reagent (Invitrogen). Quantification and
estimation of RNA purity was performed using a NanoDrop
spectrophotometer (Thermo Scientific — Waltham USA;
Absorbance 260/280 nm ratio). RNA was treated with 0.1U
of DNase Amplification Grade (Invitrogen) for 15 min
at 27 °C to digest any contaminating DNA, followed by
DNase inactivation (65 °C for 10 min). Double-stranded
complementary DNA (cDNA) was synthetized from total
RNA using iScript cDNA Synthesis Kit (BioRad Laboratories)
according to the manufacturer’s instructions. Real time
semi-quantitative polymerase chain reactions (qQPCR) were
conducted in a CFX384 thermocycler (BioRad Laboratories)
using SYBR Green Supermix iQ (BioRad Laboratories)
and specific bovine primers (Table 1).

Serial dilutions of cDNA templates were used to
generate a standard curve to optimize the qPCR assays,
which was constructed by plotting the log of the starting
quantity of the template against the Cq values obtained.
Reactions with a coefficient of determination (R?) >0.98
and efficiency between 95 to 105% were considered
optimized. The relative standard curve method was used
to determine the abundance of a particular transcript in
each sample (Cikos et al., 2007). Samples were run in
duplicate and the results expressed relative to the levels
of PPIB, GAPDH, RPLP(O and/or RPLP19 as reference
genes. The levels of HSD3B1 mRNA were evaluated to
further validate the model, as the enzyme coded by this
gene regulates progesterone synthesis, which is acutely
downregulated after PGF treatment (Rovani et al., 2017).
Dissociation curve analysis, agarose gel electrophoresis
and/or PCR product sequencing (ABI-Prism 3500 Genetic
Analyzer; Applied Biosystems) were performed to validate
the primers.

Statistical analysis

Variations in transcript levels between experimental
groups were analyzed by one-way ANOVA, with multiple
comparisons between groups performed using Tukey test.
All continuous variables were tested for normality and
normalized when necessary. All statistical analyses were
performed using JMP (Version 8.0 SAS Institute Inc.)
statistical software. Data are presented as mean = SEM
and the significance level at P < 0.05.
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Table 1. Sequences of primers used for quantitative PCR.

Gene Forward sequence Reverse sequence Reference
ACVRIA CATGGCCCCCGAAAGTTCTTGATGA GCCACCTCCCACAAGACAAGTCCAAA  Kayani et al.
ACVRIB CATCAGCGTGTCTATCACAACCGCC CACTGTGCGCTGGACAAAAAGGG Ka;i?l(i)?[ al.
ACVR24 GCCACAAACCCGCCATATCTCACA TGCCAGCCTCAAACTTTAACGCCAA Kaﬁ?l(i)?[ al.
ACVR2B ACAAGCCATCTATTGCCCACAGGGA CTCAAACCGAACAGCCAGGCCAAA Ka;i(r)l(i)?c al.
AMH ACACCGGCAAGCTCCTCAT CACCATGTTTGGGACGTGG Ha}gsol?ig)e)t al.
AMHR2  AGGGCTCCCTGTGCCACTA GATCTCGGTGGGCGATACCT Ilha eftz 211. (2)2016)
BMPI GGCACGCAAGCTCTACAAGTG GTGGGCAGAGTAGCCATTGG XM_002689771.1
BMP2 CCAAGAGGCATGTGCGGATTAGCA  TCCTTTCCCATCGTGGCCAAAAGT Kayani et al.
BMP3 TCTCTGCGTGGATCCTCAAAT AGCCAGGACACAAAGTCTCGAT NM_(g(Z)(l)?992)268. 1
BMP4 TTTATGAGGTTATGAAGCCCCCGGC  AGTTTCCCACCGCGTCACATTGTG Kayani et al.
BMP6 GGCCCCGTTAACTCGACTGTGACAAA TTGAGGACGCCGAACAAAACAGGA Kaﬁ?ﬁii al.
BMP7 TGCAAGATAGCCACTTCCTCACCGA GGGATCTTGGAGAGATCAAACCGGA Ka;i?l(i)?c al.
BMPRIA TGGATTGCCCTTACTGGTTCAGCGA  CCACGCCATTTACCCATCCACA Kaili?l?zz al.
BMPRIB AAAGTGGCGTGGCGAAAAGGTAGCT CCCGTCCCTTTGATATCTGCAGCAA Ka;i?l(i)?c al.
BMPR2 CCACTGGCCTCACTCCAAGT CCCGACTGGCTGTGAAACAT Gasy()ze(r)i(fz:t al.
GAPDH GATTGTCAGCAATGCCTCCT GGTCATAAGTCCCTCCACGA Gaséze(rJilnA?:t al.
HSD3BI GCCCAACTCCTACAGGGAGAT TTCAGAGCCCACCCATTAGCT Oriiil(iallé‘e)t al.
INHA CTCCCAGGCCATCCTTTTTC TGGCTGGAACACATACGTGAA NM(_2107(2160)94.4
INHBA  CCAGGAAGACGCTGCACTTT TTGGCCTTGGGAACTTTCAG NM 174363.2
INHBB ~ GGGAGGACCAACCTGTGTTG CCCTCGCAGTAGTTCCCATAGT NM 176852.2
RPLPO  GGCGACCTGGAAGTCCAACT CCATCAGCACCACAGCCTTC Rovani et al.
RPLP19 GCCAACTCCCGTCAGCAGA TGGCTGTACCCTTCCGCTT Roffi(l)lil 2[ al.
PPIB GGTCATCGGTCTCTTTGGAA TCCTTGATCACACGATGGAA Rofli?l; ?ﬁ al.
TGFBR3 GCTCACGCTGTGTACCAAAAAG CCAGATCATTGAGGCATCCA XMﬁ(g(z) (1)21 57 3)» 071.2

Results

The levels of EGR1 protein increased (Figure 1A)
2 h after PGF treatment, simultaneously to HSD3BI
downregulation (Figure 1B), validating the luteolysis
model. Histologically, the reduction of cytoplasmic volume
observed at 12 h further confirmed CL regression (Figure 1C).
BMP] mRNA was slightly upregulated in luteal tissue at
12 h when compared to 2 and 48 h (Figure 2A; P<0.05).
BMP2 mRNA levels increased at 12 h (Figure 2B; P<0.05),
whereas BMP3 mRNA was significantly upregulated at
12, 24 and 48 h (Figure 2C; P<0.05) when compared to
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2 h. Also, BMP4 mRNA was upregulated from 2 to 48 h
(Figure 2D; P<0.05), whereas an upregulation of BMP6
mRNA levels was observed at 2 h (Figure 2E; P<0.05).
BMP7 mRNA was not expressed in luteal tissue (data not
shown). Regarding BMPs receptors, no significant changes
in expression regulation was observed for BMPR2 mRNA,
whereas BMPRIA (Figure 3A) mRNA abundance decreased
during CL regression and BMPRIB mRNA was slightly
downregulated at 48 h compared to 12 h (Figure 3B).
The co-receptor TGFBR3 mRNA abundance was suppressed
at 48 h compared to 0 h (Figure 3C).

831



0P

» Haas et al. TGF members regulation during luteolysis in cattle
A EGRI/ACTB
2 1 A c
3 g
g @
o
El 5
2 14 <
<
= AB AB £
.E B [J]
K]
0 -_ n‘:_
0 2 12 24 48 S
«Q
EGRI1 | —~ | 82 kpa <
ACTB I— - S —— I 47 kDa §
Q.
0 2 12 24 48 3
=
£
B HSD3BI p
@ =
E :
= Q
22
2
g c
0 4 i > D
0 2 12 24 48
Hours after PGF

Figure 1. Early growth response protein 1 (EGR1) protein
levels relative to beta actin (ACTB) protein (A) and relative
HSD3B1 mRNA (B) abundance in bovine corpora lutea
collected in vivo at 0 (n=5), 2 (n=4), 12 (n=4), 24 (n=4)
or 48 (n=4) h after PGF administration. Panel (C) shows
histological examination of the CL at 0 and 12 h after
PGF treatment confirming CL regression. Different letters
indicate significant differences among time-points (P<0.05).

INHA mRNA decreased at 48 h (Figure 3D; P<0.05),
but INHBA mRNA was upregulated at 2 h and presented a
peak at 12 h (Figure 3E; P<0.05). INHBB mRNA was also
upregulated at 12 h (Figure 3F; P<0.05). ACVR24A mRNA
was detected during luteal regression and was upregulated
at 2 h compared to 24 and 48 h (Figure 3G; P<0.05).
ACVRIA mRNA was not detected at any stage of luteal
regression (data not shown). It was observed increased
levels of ACVRIB mRNA at 12 h and ACVR2B mRNA
at 24 h, in comparison to time 0 h and 2 h, respectively
(Figure 3H and I; P<0.05). The relative mRNA abundance of
AMH was higher at 2 h (P<0.05) compared to 24 and 48 h,
whereas AMHR?2 was expressed but not regulated during
luteolysis (data not shown).
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Figure 2. Relative mRNA expression of BMP1 (A), BMP2
(B), BMP3 (C), BMPA4 (D), BMP6 (E) in bovine corpora
lutea collected in vivo at 0 (n=5), 2 (n=4), 12 (n=4),
24 (n=4) or 48 (n=4) h after PGF administration. Different
letters indicate significant differences among time-points
(P<0.05).
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Figure 3. Relative mRNA expression of BMPRI1A (A) e BMPRIB (B), TGFBR3 (C), INHA (D), INHBA (E), INHBB (F),
ACVR24 (G),ACVRIB (H) e ACVR2B (I) in bovine corpora lutea collected in vivo at 0 (n=5), 2 (n=4), 12 (n=4), 24 (n=4)
or 48 (n=4) h after PGF administration. Different letters indicate significant differences among time-points (P<0.05).

Discussion

Although many studies have investigated
TGFp-family members in the ovary (Knight and Glister,
2006), most of them have focused on their roles in follicle
development and not on luteal function. In the present study,
the hypothesis that TGFp-family members are expressed and
regulated in the CL during luteolysis was confirmed. Our
main findings were: 1) the mRNA levels of BMP4, BMP6
and INHBA were higher at 2 h after PGF administration
in comparison to 0 h, indicating that these factors are
acutely regulated during luteolysis; 2) The relative mRNA
abundance of BMP1, BMP2, BMP3, BMP4, BMP6,ACVRIB,
INHBA and INHBB was upregulated up to 12 h post PGF,
indicating an involvement in functional luteolysis. It is
important to highlight that, although it has been shown that
some TGF ligands and receptors are expressed in bovine
luteal cells and regulate progesterone synthesis in vitro
(Kayani et al., 2009), this is the first study to evaluate
their mRNA expression and regulation after PGF-induced
luteolysis using a well-controlled and validated in vivo
model (Neuvians et al., 2004; Shirasuna et al., 2010, 2012;
Berisha et al., 2013; Rovani et al., 2017). The increase in
EGRI protein induced by PGF (Hou et al., 2008) and the
HSD3B1 downregulation, contemporaneous to the decrease
in systemic progesterone levels, as previously reported in
our study that validated the model (Rovani et al., 2017),
confirmed the occurrence of functional luteolysis.

One of the pioneer studies on TGFp members
role in luteal cells revealed that TGFP1 facilitates luteal
regression by disrupting the angiogenic potential of bovine
microvascular endothelial cells (Maroni and Davis, 2011).
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TGFpB1 seems to promote vascular instability, apoptosis
and matrix remodeling during luteolysis in cattle (Farberov
and Meidan, 2016). In this context, we speculated that
BMP1, which does not belong to TGF beta family but is
a known regulator of TGFf1, BMP2 and BMP4 signaling
(Ge and Greenspan, 2006; Jasuja et al., 2007), may act
during luteal remodeling. BMP1 also has metalloproteinase
activity and is involved in extracellular matrix remodeling
during follicular growth in sheep (Canty-Laird et al., 2010).
However, BMP1 was slightly upregulated in luteal samples
at 12 h, indicating a minor involvement in CL regression.

Previous studies have suggested that BMP2 plays
an inhibitory role on progesterone synthesis and our data
have shown an upregulation of BMP2 at 12 h after induced
luteolysis. Increased BMP2 levels has been associated
with luteal regression in rats (Erickson and Shimasaki,
2003) and in humans, whereas the luteotropic factor hCG
inhibits BMP2 increase in the regressing CL in humans
(Nio-Kobayashi et al., 2015). Therefore, BMP2 inhibits the
effect of hCG in human luteal cells, inhibiting luteinization
by suppressing the expression of LH receptor (Shi et al.,
2011). Furthermore, it was previously demonstrated that
BMP?2 abundance was increased in bovine corpora lutea
with impaired P4 production (Gregson et al., 2016).

The upregulation of BMP6 mRNA levels observed
at 2 h after PGF in the present study is in line with
previous observations during CL regression in humans
(Nio-Kobayashi et al., 2015). In bovine theca-lutein cells,
BMP6 downregulates STAR reducing forskolin-stimulated
progesterone secretion in vitro (Kayani et al., 2009).
Collectively, the expression of both BMP2 and BMP6 support
the role of these TGFP members as luteolytic mediators.
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The significant upregulation of BMP3 at 12,24 and 48 h
post PGF suggests its involvement in later processes of
luteal regression. Although the role of BMP3 in ovarian
physiology is yet unknown, its expression is negatively
regulated in human luteinized granulosa cells after hCG
treatment in vitro (Jaatinen et al., 1996), suggesting its
involvement in progesterone secretion regulation.

Unlike BMP1 and BMP3, other TGFB-family
members, such as BMP4 and BMP7, have been more
extensively investigated in the CL. The upregulation in
the BMP4 mRNA from 2 to 48 h after PGF treatment
observed in our study strengthens the hypothesis that
BMP4 is a negative regulator of progesterone synthesis in
cattle. As shown in bovine granulosa cells in vitro, BMP4
and BMP7 suppress progesterone secretion (Glister et al.,
2004) through inhibition of STAR (Yamashita et al., 2011).
The same ligands act as inhibitors of human granulosa cells
luteinization before and after ovulation via the 4ALK3 receptor
pathway, activating SMAD1/5/8-SMAD4 (Zhang et al.,
2015). However, mRNA for BMP7, which inhibits ovulation
and progesterone synthesis in rats (Lee et al., 2001), was
undetectable in our study. It is unlikely that BMP7 is
involved in luteolysis because, to our knowledge, there is
only one report of greater BMP7 expression in the early
stages of CL in buffalo (Rajesh et al., 2017) and the same
authors demonstrated a positive effect of BMP7 on P4
secretion and mRNA expression of steroidogenic enzymes
and pro-survival factors.

As previously demonstrated in bovine luteal cells
(Kayani et al., 2009), all the BMPRs evaluated in the present
study were expressed in the bovine CL during luteolysis.
No significant regulation was observed for BMPR?2.
However, BMPRIA and TGFBR3 were downregulated
during CL regression, whereas BMPR 1B was only slightly
downregulated. The higher levels of BMPRIB observed
during CL regression in rats suggests its implication
in luteal degradation (Erickson and Shimasaki, 2003).
In disagreement with this hypothesis, BMPRI1A, BMPRIB
and BMPR2 mRNAs were positively regulated during the
intermediate luteal phase in buffaloes (between days 5 and
10), compared to other luteal stages (Rajesh et al., 2017).
Unlike BMPRs, TGFBR3 (betaglycan) does not participate
in BMPs signaling directly, being considered a reservoir of
ligands. The level of TGFBR3 is upregulated by luteotrophic
factors such as LH and prostaglandin E2 (PGE2), being
associated to increased progesterone production in human
granulosa-luteal cells (Liu et al., 2003). The pattern of
expression observed in the present study also revealed that
TGFBR3 is more expressed in the functional CL.

Inhibins are regulated by endocrine and local factors,
such as the activation of BMP, activins and TGF signaling
pathways (Jaatinen et al., 2002). INHBA was upregulated
at 2 h, and further increased at 12 h, when INHBB was also
upregulated. In agreement with our findings, bovine luteal cells
with low progesterone-synthesizing capacity express higher
levels of INHBB and INHBA compared to those producing
high P4 levels (Gregson et al., 2016). Nonetheless, INHA
presented a distinct expression pattern, decreasing at 48 h.
Inhibin subunits are also differentially regulated in human
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follicular fluid throughout the menstrual cycle (Groome et al.,
1996). In luteinized human cells, activin A, BMP4, BMP6
and BMP?2 treatment stimulated the expression of inhibin
BB subunit (/NHBB) (Nio-Kobayashi et al., 2015), which
stimulates the production of inhibin B, suggesting it has a
potential role as a BMP mediator during luteal regression
(Jaatinen et al., 2002).

Based on our results it seems that, during luteolysis,
the synthesis of activins is more likely than inhibins,
since activins are composed by two inhibin beta subunits,
which were upregulated after PGF treatment. In fact, it
was previously suggested that activin A is involved in
the luteolytic process by regulating tissue remodeling
by matrix metalloproteinase-2 (MMP2), and its activity
is inhibited in human CL during maternal recognition of
pregnancy (Myers et al., 2007). Furthermore, activin A
inhibits progesterone synthesis (Kayani et al., 2009) by
impairing STAR mRNA levels, as shown in human luteinized
cells in vitro (Shi et al., 2010). In sheep, activin A reduced
the luteinization of granulosa cells in vitro and increased
plasma levels were associated with low embryo survival
rate (O’Connell et al., 2016).

Regarding activin receptors, ACVR24, but
not ACVRIA, was expressed during luteal regression.
ACVR2A was upregulated at 2 h post PGF treatment
when progesterone levels acutely decrease (Rovani et al.,
2017) due to downregulation of steroidogenic enzymes
such as HSD3B1 and STAR. ACVRIB and ACVR2B were
also upregulated at 12 h and 24 h, respectively, compared
to earlier time-points in the luteolytic process. Although
the expression of ACVRs was previously shown in cattle
(Kayani et al., 2009) and caprine (Silva et al., 2004) CL,
none of the previous studies had investigated activin
receptors expression throughout luteolysis.

The anti-miillerian hormone (AMH), a marker of the
ovarian reserve, plays a negative role in follicle progression
by reducing follicular ability to respond to FSH (Knight
and Glister, 2006). The regulation of AMH and its receptor
in bovine luteal tissue had not yet been investigated and
the expression of both AMH and AMHR? in the CL tissue
was unexpected. To the best of our knowledge there is only
a recent report of AMH mRNA and protein expression in
swine CL (Almeida et al., 2018), whereas AMHR2 was
not evaluated in that study. Although in our study the
upregulation of AMH at 2 h compared to 12, 24 and 48 h
post PGF suggests an involvement in functional luteolysis,
further studies are necessary to understand the function
of AMH during CL regression. In bovine granulosa cells,
BMP4 and BMP6 stimulate AMH secretion (Rico et al.,
2011), and the pattern of their expression in the present
study also suggests an association among these factors.

Conclusions

Members of the TGF superfamily are expressed
in the corpus luteum in a time-specific manner after PGF
administration in cattle. Collectively, the increase in the
mRNA abundance of BMPI, BMP2, BMP3, BMP4, BMPG6,
ACVRIB, INHBA and INHBB seen early in the luteolytic
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process (from 0 to 12h) suggests their involvement in
functional luteolysis. Further studies elucidating the role of
these local factors in ovarian physiology will contribute to
the understanding of pathological reproductive processes
in different species, and to improve assisted reproductive
technologies.

Acknowledgements

The authors are thankful to UFSM, UFPel and
McGill University facilities for providing laboratory space.

References

Almeida FR, Costermans NGJ, Soede NM, Bunschoten A,
Keijer J, Kemp B, Teerds KJ. Presence of anti-Miillerian
hormone (AMH) during follicular development in the
porcine ovary. PLoS One. 2018;13(7):e0197894. http://
dx.doi.org/10.1371/journal.pone.0197894. PMid:30063719.

Berisha B, Schilffarth S, Kenngott R, Sinowatz F, Meyer
HH, Schams D. Expression of lymphangiogenic vascular
endothelial growth factor family members in bovine corpus
luteum. Anat Histol Embryol. 2013;42(4):292-303. http://
dx.doi.org/10.1111/ahe.12016. PMid:23126445.

Canty-Laird E, Carré G-A, Mandon-Pépin B, Kadler KE,
Fabre S. First evidence of bone morphogenetic protein
1 expression and activity in sheep ovarian follicles. Biol
Reprod. 2010;83(1):138-46. http://dx.doi.org/10.1095/
biolreprod.109.082115. PMid:203572609.

Cikos S, Bukovska A, Koppel J. Relative quantification of
mRNA: comparison of methods currently used for real-time
PCR data analysis. BMC Mol Biol. 2007;8(1):113. http://
dx.doi.org/10.1186/1471-2199-8-113. PMid:18093344.

Drost M, Savio JD, Barros CM, Badinga L, Thatcher WW.
Ovariectomy by colpotomy in cows. J Am Vet Med Assoc.
1992;200(3):337-9. PMid:1548167.

Erickson GF, Shimasaki S. The spatiotemporal expression
pattern of the bone morphogenetic protein family in rat
ovary cell types during the estrous cycle. Reprod Biol
Endocrinol. 2003;1(1):9. http://dx.doi.org/10.1186/1477-
7827-1-9. PMid:12741959.

Farberov S, Meidan R. Thrombospondin-1 affects bovine
luteal function via transforming growth factor-betal-dependent
and independent actions. Biol Reprod. 2016;94(1):25. http://
dx.doi.org/10.1095/biolreprod.115.135822. PMid:26658711.

Gangrade BK, Gotcher ED, Davis JS, May JV. The secretion
of transforming growth factor-beta by bovine luteal cells
in vitro. Mol Cell Endocrinol. 1993;93(2):117-23. http://
dx.doi.org/10.1016/0303-7207(93)90114-Y. PMid:8349022.

Gasperin BG, Ferreira R, Rovani MT, Bordignon V, Duggavathi
R, Buratini J, Oliveira JF, Goncalves PB. Expression of
receptors for BMP15 is differentially regulated in dominant
and subordinate follicles during follicle deviation in cattle.

Anim Reprod. 2019;16(4):829-837

Anim Reprod Sci. 2014;144(3-4):72-8. http://dx.doi.
org/10.1016/j.anireprosci.2013.12.002. PMid:24388700.

Ge G, Greenspan DS. BMP1 controls TGFbetal activation
via cleavage of latent TGFbeta-binding protein. J Cell
Biol. 2006;175(1):111-20. http://dx.doi.org/10.1083/
jcb.200606058. PMid:17015622.

Glister C, Kemp CF, Knight PG. Bone morphogenetic
protein (BMP) ligands and receptors in bovine ovarian
follicle cells: actions of BMP-4, -6 and -7 on granulosa cells
and differential modulation of Smad-1 phosphorylation by
follistatin. Reproduction. 2004;127(2):239-54. http://dx.doi.
org/10.1530/rep.1.00090. PMid:15056790.

Gregson E, Webb R, Sheldrick EL, Campbell BK, Mann
GE, Liddell S, Sinclair KD. Molecular determinants of
a competent bovine corpus luteum: first-vs final-wave
dominant follicles. Reproduction. 2016;151(6):563-75.
http://dx.doi.org/10.1530/REP-15-0415. PMid:26940100.

Groome NP, Illingworth PJ, O’Brien M, Pai R, Rodger FE,
Mather JP, McNeilly AS. Measurement of dimeric inhibin
B throughout the human menstrual cycle. J Clin Endocrinol
Metab. 1996;81(4):1401-5. PMid:8636341.

Hayashi K-G, Ushizawa K, Hosoe M, Takahashi T. Differential
genome-wide gene expression profiling of bovine largest and
second-largest follicles: identification of genes associated
with growth of dominant follicles. Reprod Biol Endocrinol.
2010;8(1):11. http://dx.doi.org/10.1186/1477-7827-8-11.
PMid:20132558.

Hou X, Arvisais EW, Jiang C, Chen D, Roy SK, Pate JL,
Hansen TR, Rueda BR, Davis JS. Prostaglandin F2alpha
stimulates the expression and secretion of transforming
growth factor B1 via induction of the early growth response
1 gene (EGR1) in the bovine corpus luteum. Mol Endocrinol.
2008;22(2):403-14. http://dx.doi.org/10.1210/me.2007-
0272. PMid:17916653.

Ilha GF, Rovani MT, Gasperin BG, Ferreira R, Macedo MP,
Andrade O No, Duggavathi R, Bordignon V, Gongalves
PB. Regulation of anti-Miillerian hormone and its receptor
expression around follicle deviation in cattle. Reprod
Domest Anim. 2016;51(2):188-94. http://dx.doi.org/10.1111/
rda.12662. PMid:26815645.

Jaatinen R, Bondestam J, Raivio T, Hildén K, Dunkel L,
Groome N, Ritvos O. Activation of the bone morphogenetic
protein signaling pathway induces inhibin fB-subunit mRNA
and secreted inhibin B levels in cultured human granulosa-
luteal cells. J Clin Endocrinol Metab. 2002;87(3):1254-61.
http://dx.doi.org/10.1210/jcem.87.3.8314. PMid:11889196.

Jaatinen R, Rosen V, Tuuri T, Ritvos O. Identification
of ovarian granulosa cells as a novel site of expression
for bone morphogenetic protein-3 (BMP-3/osteogenin)
and regulation of BMP-3 messenger ribonucleic acids by
chorionic gonadotropin in cultured human granulosa-luteal
cells. J Clin Endocrinol Metab. 1996;81(11):3877-82.
PMid:8923832.

835


https://doi.org/10.1371/journal.pone.0197894
https://doi.org/10.1371/journal.pone.0197894
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30063719&dopt=Abstract
https://doi.org/10.1111/ahe.12016
https://doi.org/10.1111/ahe.12016
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23126445&dopt=Abstract
https://doi.org/10.1095/biolreprod.109.082115
https://doi.org/10.1095/biolreprod.109.082115
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20357269&dopt=Abstract
https://doi.org/10.1186/1471-2199-8-113
https://doi.org/10.1186/1471-2199-8-113
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18093344&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1548167&dopt=Abstract
https://doi.org/10.1186/1477-7827-1-9
https://doi.org/10.1186/1477-7827-1-9
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12741959&dopt=Abstract
https://doi.org/10.1095/biolreprod.115.135822
https://doi.org/10.1095/biolreprod.115.135822
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26658711&dopt=Abstract
https://doi.org/10.1016/0303-7207(93)90114-Y
https://doi.org/10.1016/0303-7207(93)90114-Y
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8349022&dopt=Abstract
https://doi.org/10.1016/j.anireprosci.2013.12.002
https://doi.org/10.1016/j.anireprosci.2013.12.002
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24388700&dopt=Abstract
https://doi.org/10.1083/jcb.200606058
https://doi.org/10.1083/jcb.200606058
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17015622&dopt=Abstract
https://doi.org/10.1530/rep.1.00090
https://doi.org/10.1530/rep.1.00090
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15056790&dopt=Abstract
https://doi.org/10.1530/REP-15-0415
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26940100&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8636341&dopt=Abstract
https://doi.org/10.1186/1477-7827-8-11
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20132558&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20132558&dopt=Abstract
https://doi.org/10.1210/me.2007-0272
https://doi.org/10.1210/me.2007-0272
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17916653&dopt=Abstract
https://doi.org/10.1111/rda.12662
https://doi.org/10.1111/rda.12662
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26815645&dopt=Abstract
https://doi.org/10.1210/jcem.87.3.8314
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11889196&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8923832&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8923832&dopt=Abstract

0P

» Haas et al. TGF members regulation during luteolysis in cattle

Jasuja R, Ge G, Voss NG, Lyman-Gingerich J, Branam AM,
Pelegri FJ, Greenspan DS. Bone morphogenetic protein
1 prodomain specifically binds and regulates signaling
by bone morphogenetic proteins 2 and 4. J Biol Chem.
2007;282(12):9053-62. http://dx.doi.org/10.1074/jbc.
M610929200. PMid:17255107.

Kayani AR, Glister C, Knight PG. Evidence for an inhibitory
role of bone morphogenetic protein(s) in the follicular-luteal
transition in cattle. Reproduction. 2009;137(1):67-78.
http://dx.doi.org/10.1530/REP-08-0198. PMid:18936084.

Knight PG, Glister C. TGF-f superfamily members and ovarian
follicle development. Reproduction. 2006;132(2):191-206.
http://dx.doi.org/10.1530/rep.1.01074. PMid:16885529.

Lee W-S, Otsuka F, Moore RK, Shimasaki S. Effect of
bone morphogenetic protein-7 on folliculogenesis and
ovulation in the rat. Biol Reprod. 2001;65(4):994-9. http://
dx.doi.org/10.1095/biolreprod65.4.994. PMid: 11566718.

Liu J, Kuulasmaa T, Kosma VM, Butzow R, Vanttinen
T, Hyden-Granskog C, Voutilainen R. Expression of
betaglycan, an inhibin coreceptor, in normal human ovaries
and ovarian sex cord-stromal tumors and its regulation in
cultured human granulosa-luteal cells. J Clin Endocrinol
Metab. 2003;88(10):5002-8. http://dx.doi.org/10.1210/
j€.2003-030704. PMid:14557487.

Maroni D, Davis JS. TGFBI disrupts the angiogenic
potential of microvascular endothelial cells of the corpus
luteum. J Cell Sci. 2011;124(Pt 14):2501-10. http://dx.doi.
0rg/10.1242/jcs.084558. PMid:21693577.

Miyamoto A, Shirasuna K, Sasahara K. Local regulation
of corpus luteum development and regression in the cow:
impact of angiogenic and vasoactive factors. Domest Anim
Endocrinol. 2009;37(3):159-69. http://dx.doi.org/10.1016/j.
domaniend.2009.04.005. PMid:19592192.

Myers M, Gay E, McNeilly AS, Fraser HM, Duncan WC.
In vitro evidence suggests activin-A may promote tissue
remodeling associated with human luteolysis. Endocrinology.
2007;148(8):3730-9. http://dx.doi.org/10.1210/en.2007-
0244. PMid:17478557.

Neuvians TP, Schams D, Berisha B, Pfaffl MW. Involvement
of pro-inflammatory cytokines, mediators of inflammation,
and basic fibroblast growth factor in prostaglandin
F2alpha-induced luteolysis in bovine corpus luteum. Biol
Reprod. 2004;70(2):473-80. http://dx.doi.org/10.1095/
biolreprod.103.016154. PMid:14561657.

Nio-Kobayashi J, Narayanan R, Giakoumelou S, Boswell
L, Hogg K, Duncan WC. Expression and localization of
inhibitor of differentiation (ID) proteins during tissue and
vascular remodelling in the human corpus luteum. Mol
Hum Reprod. 2013;19(2):82-92. http://dx.doi.org/10.1093/
molehr/gas052. PMid:23160862.

Nio-Kobayashi J, Trendell J, Giakoumelou S, Boswell L,
Nicol L, Kudo M, Sakuragi N, Iwanaga T, Duncan WC. Bone
morphogenetic proteins are mediators of luteolysis in the

Anim Reprod. 2019;16(4):829-837

human corpus luteum. Endocrinology. 2015;156(4):1494-503.
http://dx.doi.org/10.1210/en.2014-1704. PMid:25635621.

O’Connell AR, McNatty KP, Hurst PR, Spencer TE, Bazer
FW, Reader KL, Johnstone PD, Davis GH, Juengel JL.
Activin A and follistatin during the oestrous cycle and early
pregnancy in ewes. J Endocrinol. 2016;228(3):193-203.
http://dx.doi.org/10.1530/JOE-15-0367. PMid:26733604.

Orisaka M, Tajima K, Mizutani T, Miyamoto K, Tsang BK,
Fukuda S, Yoshida Y, Kotsuji F. Granulosa cells promote
differentiation of cortical stromal cells into theca cells in
the bovine ovary. Biol Reprod. 2006;75(5):734-40. http://
dx.doi.org/10.1095/biolreprod.105.050344. PMid:16914692.

Rajesh G, Paul A, Mishra S, Bharati J, Thakur N, Mondal
T, Soren S, Harikumar S, Narayanan K, Chouhan V, Bag
S, Das BC, Singh G, Maurya VP, Sharma GT, Sarkar M.
Expression and functional role of Bone Morphogenetic
Proteins (BMPs) in cyclical corpus luteum in buffalo (Bubalus
bubalis). Gen Comp Endocrinol. 2017;240:198-213. http://
dx.doi.org/10.1016/j.ygcen.2016.10.016. PMid:27815159.

Rico C, Médigue C, Fabre S, Jarrier P, Bontoux M,
Clément F, Monniaux D. Regulation of anti-Miillerian
hormone production in the cow: a multiscale study at
endocrine, ovarian, follicular, and granulosa cell levels.
Biol Reprod. 2011;84(3):560-71. http://dx.doi.org/10.1095/
biolreprod.110.088187. PMid:21076084.

Rovani MT, Ilha GF, Gasperin BG, Nobrega JE Jr, Siddappa
D, Glanzner WG, Antoniazzi AQ, Bordignon V, Duggavathi
R, Goncalves PBD. Prostaglandin F2alpha-induced luteolysis
involves activation of Signal transducer and activator of
transcription 3 and inhibition of AKT signaling in cattle. Mol
Reprod Dev. 2017;84(6):486-94. http://dx.doi.org/10.1002/
mrd.22798. PMid:28337827.

Shi F-T, Cheung AP, Klausen C, Huang H-F, Leung PC.
Growth differentiation factor 9 reverses activin A suppression
of steroidogenic acute regulatory protein expression and
progesterone production in human granulosa-lutein cells.
J Clin Endocrinol Metab. 2010;95(10):E172-80. http://
dx.doi.org/10.1210/jc.2010-0477. PMid:20660033.

Shi J, Yoshino O, Osuga Y, Koga K, Hirota Y, Nose E,
Nishii O, Yano T, Taketani Y. Bone morphogenetic protein-2
(BMP-2) increases gene expression of FSH receptor and
aromatase and decreases gene expression of LH receptor
and StAR in human granulosa cells. Am J Reprod Immunol.
2011;65(4):421-7. http://dx.doi.org/10.1111/j.1600-
0897.2010.00917.x. PMid:20825377.

Shirasuna K, Nitta A, Sineenard J, Shimizu T, Bollwein H,
Miyamoto A. Vascular and immune regulation of corpus
luteum development, maintenance, and regression in the cow.
Domest Anim Endocrinol. 2012;43(2):198-211. http://dx.doi.
org/10.1016/j.domaniend.2012.03.007. PMid:22560178.

Shirasuna K, Sasahara K, Matsui M, Shimizu T, Miyamoto
A. Prostaglandin F2alpha differentially affects mRNA
expression relating to angiogenesis, vasoactivation and
prostaglandins in the early and mid corpus luteum in the

836


https://doi.org/10.1074/jbc.M610929200
https://doi.org/10.1074/jbc.M610929200
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17255107&dopt=Abstract
https://doi.org/10.1530/REP-08-0198
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18936084&dopt=Abstract
https://doi.org/10.1530/rep.1.01074
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16885529&dopt=Abstract
https://doi.org/10.1095/biolreprod65.4.994
https://doi.org/10.1095/biolreprod65.4.994
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11566718&dopt=Abstract
https://doi.org/10.1210/jc.2003-030704
https://doi.org/10.1210/jc.2003-030704
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14557487&dopt=Abstract
https://doi.org/10.1242/jcs.084558
https://doi.org/10.1242/jcs.084558
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21693577&dopt=Abstract
https://doi.org/10.1016/j.domaniend.2009.04.005
https://doi.org/10.1016/j.domaniend.2009.04.005
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19592192&dopt=Abstract
https://doi.org/10.1210/en.2007-0244
https://doi.org/10.1210/en.2007-0244
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17478557&dopt=Abstract
https://doi.org/10.1095/biolreprod.103.016154
https://doi.org/10.1095/biolreprod.103.016154
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14561657&dopt=Abstract
https://doi.org/10.1093/molehr/gas052
https://doi.org/10.1093/molehr/gas052
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23160862&dopt=Abstract
https://doi.org/10.1210/en.2014-1704
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25635621&dopt=Abstract
https://doi.org/10.1530/JOE-15-0367
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26733604&dopt=Abstract
https://doi.org/10.1095/biolreprod.105.050344
https://doi.org/10.1095/biolreprod.105.050344
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16914692&dopt=Abstract
https://doi.org/10.1016/j.ygcen.2016.10.016
https://doi.org/10.1016/j.ygcen.2016.10.016
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27815159&dopt=Abstract
https://doi.org/10.1095/biolreprod.110.088187
https://doi.org/10.1095/biolreprod.110.088187
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21076084&dopt=Abstract
https://doi.org/10.1002/mrd.22798
https://doi.org/10.1002/mrd.22798
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28337827&dopt=Abstract
https://doi.org/10.1210/jc.2010-0477
https://doi.org/10.1210/jc.2010-0477
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20660033&dopt=Abstract
https://doi.org/10.1111/j.1600-0897.2010.00917.x
https://doi.org/10.1111/j.1600-0897.2010.00917.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20825377&dopt=Abstract
https://doi.org/10.1016/j.domaniend.2012.03.007
https://doi.org/10.1016/j.domaniend.2012.03.007
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22560178&dopt=Abstract

0P

» Haas et al. TGF members regulation during luteolysis in cattle

cow. J Reprod Dev. 2010;56(4):428-36. http://dx.doi.
org/10.1262/jrd.10-0040. PMid:20484870.

Silva JRV, van den Hurk R, van Tol HTA, Roelen BAJ,
Figueiredo JR. Gene expression and protein localisation for
activin-A, follistatin and activin receptors in goat ovaries. J
Endocrinol. 2004;183(2):405-15. http://dx.doi.org/10.1677/
joe.1.05756. PMid:15531728.

Skarzynski DJ, Okuda K. Inter- and intra-cellular mechanisms
of prostaglandin F2alpha action during corpus luteum
regression in cattle. Soc Reprod Fertil Suppl. 2010;67:305-
24. PMid:21755681.

Yamashita H, Murayama C, Takasugi R, Miyamoto A,
Shimizu T. BMP-4 suppresses progesterone production
by inhibiting histone H3 acetylation of StAR in bovine
granulosa cells in vitro. Mol Cell Biochem. 2011;348(1-
2):183. PMid:21072679.

Zhang H, Klausen C, Zhu H, Chang H-M, Leung PCK.
BMP4 and BMP7 suppress StAR and progesterone
production via ALK3 and SMAD1/5/8-SMAD4
in human granulosa-lutein cells. Endocrinology.
2015;156(11):4269-80. http://dx.doi.org/10.1210/
en.2015-1494. PMid:26302112.

Financial support: This study was funded by the Brazilian Council for Scientific and Technological Development
(CNPq), Research Support Foundation of Rio Grande do Sul (FAPERGS) and Coordination for the Improvement of
the Higher Education Personnel (CAPES - Finance Code 001). C. S. Haas was the recipient of a scholarship CAPES.
B.G. Gasperin received a Productivity Fellowship from the CNPq (309138/2017-5).

Author contributions: CSH: Writing — original draft, Formal analysis, Methodology; MTR: Formal analysis,
Methodology, Writing — review & editing; GFI: Formal analysis, Methodology, Writing — review & editing; KB: Formal
analysis, Writing — original draft; JGF: Formal analysis, Methodology, Writing — review & editing; AB: Formal analysis,
Methodology; VB: Supervision, Funding acquisition, Writing — original draft; RD: Funding acquisition, Supervision;
AQA: Supervision, Conceptualization, Writing — review; PBDG: Conceptualization, Funding acquisition, Supervision;
BGG: Conceptualization, Funding acquisition, Supervision, Writing — original draft.

Conflicts of interest: The authors have no conflict of interest to declare.

Anim Reprod. 2019;16(4):829-837

837


https://doi.org/10.1262/jrd.10-004O
https://doi.org/10.1262/jrd.10-004O
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20484870&dopt=Abstract
https://doi.org/10.1677/joe.1.05756
https://doi.org/10.1677/joe.1.05756
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15531728&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21755681&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21072679&dopt=Abstract
https://doi.org/10.1210/en.2015-1494
https://doi.org/10.1210/en.2015-1494
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26302112&dopt=Abstract

